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Critically ill patients admitted to the intensive care unit rapidly develop diaphragm muscle weakness (1) (2) (3) (4) (5) (6) . Diaphragm weakness contributes to weaning failure and is associated with increased mortality rates (6) (7) (8) (9) . For establishing strategies to prevent or treat diaphragm weakness, a fundamental understanding of the underlying cellular mechanisms is crucial. Studies in mechanically ventilated brain dead organ donors suggest that reduced cross-sectional area of diaphragm fibers caused by activation of proteolytic pathways plays an important role (10) (11) (12) . Using biopsy specimens from critically ill patients, we recently established that the contractility of individual diaphragm muscle fibers is severely impaired (13) (14) (15) , partly accounted for by a reduced cross-sectional area of fibers (13) . A mechanism that has been largely neglected is the effect of mechanical ventilation (MV) on diaphragm fiber length reduction, from here on referred to as longitudinal fiber atrophy (as opposed to the aforementioned cross-sectional fiber atrophy). Typically, critically ill patients are ventilated with positive end-expiratory pressure (PEEP) to limit alveolar collapse. However, PEEP-induced increase of endexpiratory lung volume may flatten the shape of the diaphragm dome, resulting in structural modifications in the diaphragm fibers.
We hypothesized that: 1) the PEEPinduced increase in end-expiratory lung volume flattens the diaphragm dome and forces the muscle fibers to act at a shorter length during the respiratory cycle; 2) the shorter fiber length causes structural adaptations in muscle fibers, either by loss of the number of sarcomeres (the smallest contractile units) in series to maintain optimal overlap of the myosin-based thick and actin-based thin filaments or by reducing the length of the thick and/or thin filaments; and 3) diaphragm fiber length adaptations are modulated by titin, a giant protein that spans the length of the half sarcomere, forming a contiguous filament along the myofibril, and functions as a molecular spring that develops tension when sarcomere length changes. This layout of titin makes it ideally suited to sense changes in diaphragm length during MV with PEEP (16) .
To test these hypotheses, we studied muscle fiber structure and contractility in diaphragm biopsies of mechanically ventilated critically ill patients and in mechanically ventilated rats with and without a mutation in the titin splice factor RNA binding motif 20 (Rbm20) that results in a more compliant titin molecule (17) .
Methods
Additional details are in the online supplement.
Patients
Ultrasound. Ultrasound was performed in critically ill patients (n = 15; Table 1) with clinical indication for analysis of diaphragm function. M-mode ultrasound images were acquired while PEEP was acutely reduced with either 5 or 10 cm H 2 O within one breath cycle. From the M-mode images obtained during subsequent breaths ( Figure 1A ), the caudal-cranial displacement of the diaphragm dome was calculated.
Biopsies. Diaphragm biopsies were obtained from mechanically ventilated critically ill patients undergoing abdominal or thoracic surgery for clinical indication (critically ill group; n = 12; Table 2 ). As a control group, diaphragm muscle biopsies were obtained from patients undergoing tumor removal of a suspected early-stage lung malignancy (n = 12, Table 3 ). Exclusion criteria are in the online supplement. The protocol was approved by the Medical Ethics Committee of the Vrije Universiteit Medical Center. Written informed consent was obtained from each patient and/or legal representative.
Biopsy handling, contractility of single fibers, and microscopy. These occurred as described in the online data supplement (13, 15, (18) (19) (20) (21) (22) (23) (24) (25) (26) .
Rats
Long-term MV and contractility of intact diaphragm strips. Rats (n = 12) were mechanically ventilated for 18 hours. For details, see the online supplement (13, 27) . To test the effect of titin-based mechanosensing on diaphragm remodeling, we used rats harboring a mutation in Rbm20 causing expression of a giant titin isoform (17, 28) . For details see the online supplement (29) (30) (31) (32) .
Acute effect of PEEP on diaphragm position. In a subset of ventilated rats, ultrasound was applied to visualize the effect of PEEP on diaphragm length. For details, see the online supplement.
Statistical Analyses
For details, see online supplement. Differences between groups were considered significant if P , 0.05.
Results

Patient Characteristics
Patient characteristics are shown in Tables  1-4 . Pulmonary function data of control subjects are described in Table E1 in the online supplement.
Acute Effect of MV with PEEP on Diaphragm Position and Fiber Length in Critically ill Patients and Rats
To establish the acute effect of PEEP on the position of the diaphragm, we used
At a Glance Commentary
Scientific Knowledge on the Subject: Diaphragm weakness is highly prevalent in critically ill patients and contributes to weaning failure. The mechanisms underlying diaphragm weakness include reduced fiber thickness (i.e., cross-sectional atrophy) and impaired contractile function of the remaining fibers. Disuse is a recognized risk factor for critical illness-associated diaphragm weakness. However, the effects of positive end-expiratory pressure (PEEP) are unknown.
What This Study Adds to the
Field: This study demonstrates that in critically ill patients, mechanical ventilation with PEEP results in reduced diaphragm fiber length due to a loss of contractile units in series (i.e., longitudinal atrophy). Consequently, diaphragm fibers are at a mechanical disadvantage when PEEP is released. In experimental models, we have identified specific molecular pathways, including titin-based mechanosensing, that are involved in the development of longitudinal atrophy.
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ultrasound to determine diaphragm displacement in critically ill patients caused by a decrease in PEEP (DPEEP) of 5 cm H 2 O or 10 cm H 2 O. Figure 1A (left and middle panels) shows typical B-and M-mode ultrasound images in which the cranial displacement of the diaphragm during DPEEP is visualized. Acute release of 5 cm H 2 O PEEP caused a cranial diaphragm displacement in all five patients, with an average displacement of 0.40 6 0.10 cm ( Figure 1A , right panel). Acute DPEEP of 10 cm H 2 O caused a cranial diaphragm displacement in all 10 patients, with an average displacement of 0.89 6 0.17 cm ( Figure 1A , right panel).
Investigating whether MV with PEEP, and the concomitant caudal movement of the diaphragm, shortens diaphragm fibers requires the isolation of whole-length (central tendon to rib cage) muscle fibers. This is impossible to establish in patients, as biopsies do not contain whole-length fibers, but it is feasible in rats. Thus, we first determined the effect of MV with PEEP (2, 3, and 5 cm H 2 O) on diaphragm length in rats using ultrasonography. Figure 1B shows a typical B-(left) and M-mode (middle) ultrasound image, in which the acute effect of 3 cm H 2 O PEEP is visualized in M-mode. Similar to patients, PEEP caused a caudal movement of the diaphragm (0.24 mm/cm H 2 O; Figure 1B , right).
Next, we determined whether the caudal displacement shortens diaphragm fibers by perfusing rats with fixative immediately after the start of PEEP ventilation (2.5 cm H 2 O) and during unassisted breathing (control). Arrest of diaphragm movement was complete within 10 seconds after start of fixation. At arrest of diaphragm movement, the phase of the respiratory cycle was not possible to determine, but on the basis of ultrasound observations in mice (33) we anticipate that arrest occurred at end-expiration. The in vivo fixated diaphragm was excised from the rats and whole-length (central tendon to rib cage) fibers were isolated from the midcostal region (note that diaphragm fibers were isolated from the same location in each rat; Figure 1C ). The length of these fibers was significantly shorter in rats receiving PEEP ventilation (MV vs. control: 18.0 6 0.5 vs. 19.9 6 0.4 mm; Figure 1D ), which was reflected by a reduced sarcomere length in the fibers (MV vs. control: 2.64 6 0.06 vs. 2.85 6 0.07 mm; Figure 1E ). Thus, PEEP ventilation in rats results in a caudal displacement of the diaphragm, with a concomitant reduction of fiber and sarcomere length. Table 4 ). To study whether PEEP and the concomitant shortening of the diaphragm induced length adaptations (i.e., structural changes in diaphragm fibers), we first applied a functional assay to determine thick and thin filament length in diaphragm fibers. Permeabilized individual muscle fibers were maximally activated at incremental sarcomere lengths, and the generated force was determined. Force at incremental sarcomere lengths was fitted using a second-order polynomial (19) , which yielded three parameters that describe the force-sarcomere length relation: 1) the sarcomere length at which maximum force is generated (SL opt ), 2) the sarcomere length at which 50% of maximum force is generated (SL 50 ), and 3) the sarcomere length at which the fit crosses the x-axis and thus no force is generated (SL max ; Figure 2A ). Figure 2B shows that the average force-sarcomere length relation (with force normalized to its maximum) of the critically ill patients overlaps with that of the control patients. Figures 4.10 6 0.11 vs. 4.12 6 0.12 mm). Thus, the sarcomere length-dependence of force is unaffected in muscle fibers of critically ill patients, suggesting that the length of the thin and thick filaments is not shortened. Next, we directly measured the length of the thin and thick filaments. Thin and thick filament lengths were measured by stimulated emission depletion (STED) superresolution microscopy. An example of phalloidin-stained thin filaments is shown in Figure 3A . Average thin filament length was comparable between fibers of critically ill and control patients (critically ill vs. control: 1.28 6 0.03 vs.
1.26 6 0.05 mm). An example of myosin heavy chain-stained thick filaments is shown in Figure 3B . Average thick filament length was comparable between fibers of critically ill and control patients (critically ill vs. control: 1.79 6 0.04 vs. 1.86 6 0.03 mm). Thus, microscopy analyses confirm that thin and thick filament lengths are not shorter in diaphragm fibers of critically ill patients than in those of control patients. Determining the number of sarcomeres in series in the diaphragm of patients is not feasible (this would require biopsies spanning the length from central tendon to rib cage), and therefore we Definition of abbreviations: AFib = atrial fibrillation; APACHE = Acute Physiology and Chronic Health Evaluation; BMI = body mass index; COPD GOLD = chronic obstructive pulmonary disease (Global Initiative for Obstructive Lung Disease classification); HT = hypertension; MV = mechanical ventilation; T2DM = type 2 diabetes mellitus.
performed these studies in rats that were mechanically ventilated for 18 hours
Length adaptations in diaphragm fibers of 18-hour mechanically ventilated rats.
Rats were mechanically ventilated for 18 hours with a PEEP of 2.5 cm H 2 O. First, we validated the model and determined whether MV with PEEP had an effect on the contractile properties of the diaphragm. Midcostal diaphragm strips (isolated from the same location as for the determination of sarcomere length; Figure 1C ) were isolated and electrically activated (schematic; Figure 4A ). Similar to previous studies (34-37), maximal tension was decreased after 18 hours of MV (MV vs. control: 176 6 12 vs. 278 6 11 mN/mm 2 ; Figure 4B ). Importantly, the diaphragm muscle strip length for maximal force production (optimal length, ML opt ; Figure 4A ) was significantly reduced, by 12%, in ventilated rats (MV vs. control: 2.05 6 0.36 vs. 2.33 6 0.02 cm; Figure 4C ). Thus, in rats, 18 hours of MV with PEEP causes contractile weakness, with the maximal force generated at a shorter muscle length.
Next, we determined whether the reduction of ML opt was a reflection of a change in thick and/or thin filament length. Individual, permeabilized muscle fibers were maximally activated at incremental CMV indicates mechanical ventilation in PC/VC/SIMV/MMV/BIPAP mode, and measured respiratory rate is lower or equal to set respiratory rate. AMV indicates mechanical ventilation in PS/CPAP/ASB/NIV mode, and ventilation in PC/VC/SIMV/MMV/BIPAP mode as the measured respiratory rate is higher than the set respiratory rate. *Mechanical ventilation of critically ill patient #4 was set on PC ventilation but interpreted as AMV by us because the measured respiratory rate was higher than the set respiratory rate.
sarcomere lengths. Figure 5A (top) shows that the average force-sarcomere length relation of fibers of the MV rats overlaps with that of fibers of control rats; SL opt ( Figure 5A, bottom Figure 5B ) and average thick filament length (MV vs. control: 1.75 6 0.02 vs. 1.74 6 0.03 mm; Figure 5C ) were comparable between fibers of MV and control rats. Thus, similar to the findings in critically ill patients, the length of the thin and thick filaments is not reduced in diaphragm fibers of rats that received 18 hours of MV with PEEP.
To determine whether the reduced ML opt in MV rats was caused by a reduction in the number of sarcomeres in series, diaphragm fibers were isolated with the excised fibers spanning the whole distance from the central tendon to the ribs ( Figure 1C , illustrated by line X). The length of these fibers was divided by the length of the sarcomeres, as determined by a-actinin staining ( Figure 5D ), to render the number of sarcomeres in series. Importantly, the number of sarcomeres in series was reduced by 12% in rats receiving MV compared with control animals (MV vs. control: 5,488 6 128 vs. 6,250 6 170 sarcomeres; Figure 5E ). Thus, 18 hours of MV with PEEP causes longitudinal atrophy of diaphragm muscle fibers due to absorption of sarcomeres in series.
Effect of Compliant Titin on Diaphragm Fiber Length Remodeling during MV
We tested the hypothesis that low titin stiffness, by preconditioning the diaphragm to reduced titin-based mechanosensing, blunts the longitudinal atrophy response during diaphragm shortening caused by MV with PEEP. We studied rats with a mutation in the titin splicing factor Rbm20 (17, 28), resulting in a more compliant titin molecule (the sarcomeric location of titin is shown in Figure 6A ). As shown in Figure 6B , diaphragm fibers of Rbm20-deficient rats express a titin isoform that is larger than in fibers of wild-type (wt) rats. By coelectrophoresing diaphragm samples of wt or Rbm20-deficient rats with titin isoforms of known sizes (see METHODS) we estimated that the difference in titin isoform size is z110 kD. To verify that this larger isoform results in lower titin-based passive tension, individual diaphragm fibers were passively stretched: Figure 6C shows that, as Schematic showing the force-sarcomere length relation of a diaphragm fiber of a control patient; SL opt is the sarcomere length at which maximal force is generated; SL 50 is the sarcomere length at which 50% of maximal force is generated; SL max is the sarcomere length at which no force is generated. Right panel shows schematics of a sarcomere with the corresponding lengths. (B) Force-sarcomere length relation of diaphragm fibers of 12 critically ill and 12 control patients are shown; note that both relations overlap. Force is presented as percentage of maximal force. (C-E) SL opt (C), SL 50 (D), and SL max (E) are comparable between critically ill and control patients. Note that SL opt , SL 50 , and SL max were not different between slow-and fasttwitch fibers (data not shown), and therefore these data are pooled. Also, in line with previous work (13) (14) (15) , the maximal force-generating capacity was lower in both slow-and fast-twitch fibers of critically ill patients (data not shown). Each data point represents the average of z10 fibers per subject. Data presented are mean 6 SEM. Con = control patients; Crit.Ill = critically ill patients; NS = not significant. expected, fibers of Rbm20-deficient rats generate lower passive tension than fibers from wt rats. Subsequently, these rats were mechanically ventilated with 2.5 cm H 2 O PEEP for 18 hours. Midcostal diaphragm strips were isolated and electrically activated. Maximal tension was reduced after 18 hours MV (298 6 13 vs. 189 6 9 mN/mm 2 , control vs. MV, respectively), but this decrease was less pronounced in rats with the compliant titin isoform (241 6 7 vs. 215 6 7 mN/mm 2 , control vs. MV, respectively; tension decrease after MV, wt vs. Rbm20-def: 37 6 3% vs. 11 6 3%; P , 0.001; Figure 6D ). Furthermore, the ML opt of diaphragm strips from wt rats was reduced after MV (2.39 6 0.02 vs. 2.03 6 0.07 cm, control vs. MV, respectively), and this reduction was smaller and not significant in Rbm20-deficient rats that had received MV (2.24 6 0.06 vs. 2.22 6 0.10 cm, control vs. MV, respectively; ML opt decrease after MV, wt vs. Rbm20-def: 15 6 3% vs. 1 6 4%; Figure 6E ). Finally, the number of sarcomeres in series was not significantly reduced by 18 hours of MV in the Rbm20-deficient rats (7,155 6 173 vs. 7,005 6 317, control vs. MV, respectively; P = 0.69; Figure 6F ), whereas this reduction was significant in wt rats (6,255 6 170 vs. 5,488 6 117, control vs. MV, respectively; sarcomere number decrease after MV, wt vs. Rbm20-def: 12 6 2% vs. 2 6 4%).
Thus, these results suggest that titin is involved in diaphragm fiber length remodeling during MV with PEEP.
Discussion
Our findings show that 1) MV with PEEP causes a caudal movement of the diaphragm dome, both in critically ill patients and in rats. Additional studies in rats reveal that this caudal movement of the diaphragm reduces fiber and sarcomere length; 2) diaphragm fibers adapt to the reduced length by absorbing sarcomeres in series, with no changes in thick or thin filament length in both rats and critically ill patients; 3) titin's elastic properties modulate this length adaptation.
Longitudinal Atrophy of Diaphragm Fibers
PEEP is applied in nearly all mechanically ventilated critically ill patients to mitigate alveolar collapse, thereby improving oxygenation and respiratory mechanics. However, application of PEEP is associated with adverse effects in some patients due to alveolar overdistention and hemodynamic compromise. The present study provides strong evidence that PEEP may have adverse effects on diaphragm function as well. In particular, PEEP causes (A) Deconvolved stimulated emission depletion (STED) superresolution microscopy images of sarcomeres in a diaphragm fiber of a control and a critically ill patient, labeled with AlexaFluor-conjugated phalloidin to visualize the thin filaments. Intensity measurements were used to determine thin filament length, which was comparable between critically ill and control patients. (B) Deconvolved STED superresolution microscopy images of sarcomeres in a diaphragm fiber of a control and a critically ill patient, labeled with MHC (myosin heavy chain) antibodies to visualize the thick filaments, are shown. Intensity measurements were used to determine thick filament length, which was comparable between critically ill and control patients. Note that each data point represents the average of 50 to 100 sarcomeres per subject. Data presented are mean 6 SEM. AU = arbitrary units; Crit. ill = critically ill patient; NS = not significant.
a caudal movement of the diaphragm dome, with a shortening of the zone of apposition (Figure 1 ). This shortening leads to structural adaptions in muscle fibers, as indicated by the reduced length at which diaphragm fibers generate maximal force after 18 hours of MV ( Figure 4C ). Such reduction had been suggested in previous studies (37) but remained controversial (38) . This controversy is at least partly due to difficulties in the exact determination of optimal muscle length: determination of where muscle fibers end and the tendon starts with the naked eye is prone to error. Therefore, to obtain conclusive evidence for fiber shortening during MV with PEEP, we used microscopy analyses to measure the number of sarcomeres in series in whole-length diaphragm fibers in rats and found this number to be decreased ( Figure 5 ). The magnitude of the decrease completely accounts for the reduction of optimal length (both 12%; Figures 4C and 5E) . Thus, the present study is the first to show that MV with PEEP causes not only cross-sectional fiber atrophy but also longitudinal fiber atrophy (i.e., reduced length of fibers). Although adaptations might occur more rapidly in rats than in humans, we speculate that the rapid time course of longitudinal atrophy in the diaphragm fibers of rats suggests that this mechanism contributes to the rapid development, within 24 hours (9), of in vivo diaphragm weakness in critically ill patients. In these studies (9), transdiaphragmatic twitch pressure was determined at the end of expiration and at zero PEEP, thus with the length of the diaphragm fibers on the descending limb of the force-length relation. Disuse of skeletal muscle causes reduction of the length of the myosinbased thick filaments (39), but such reduction was not observed in diaphragm fibers of mechanically ventilated critically ill patients or in ventilated rats. To rule out that length changes were too small to detect, we determined thick and thin filament length by STED superresolution microscopy. STED superresolution microscopy creates non-diffraction-limited images by the selective deactivation of fluorophores, minimizing the area of illumination at the focal point and thus enhancing the achievable resolution (40) . Accordingly, thick filament measurements in the present study had a precision of z50 nm and thin filament measurements of z90 nm, a precision required for detection of small yet relevant differences in length. We anticipate that the duration of disuse in the rats (18 h) may have been too short to cause filament length changes in the diaphragm. Furthermore, although the patients were on MV much longer than the rats, diaphragm activity was not completely absent in the majority of critically ill patients but varied depending on the ventilation mode, respiratory drive, level of sedation, and the use of neuromuscular blocking agents (Table 4) . It is likely that even these low levels of diaphragm activity are sufficient to attenuate changes in filament length.
Role for the Giant Muscle Protein Titin?
Our studies into the mechanisms that underlie the longitudinal atrophy of diaphragm fibers during MV with PEEP suggest a role for the giant elastic protein titin. Titin is the largest protein known to date and spans the entire length of the sarcomere from Z-disk to M-band ( Figure 6A ). The central I-band region of titin is extensible and functions as a spring that generates passive tension when the sarcomere is stretched. Titin filaments overlap in both the Z-disk and M-band, forming a contiguous filament along the myofibril. This layout of titin within the muscle's sarcomere makes it ideally suited to sense length changes. Indeed, titin links mechanical stress sensing to trophic signaling pathways via several titin-binding proteins (16) . We hypothesized that low titin stiffness-by preconditioning the diaphragm to reduced mechanosensing-blunts the longitudinal atrophy response during diaphragm shortening caused by MV with PEEP. To test this hypothesis, we took advantage of Rbm20-deficient rats that have reduced titin-based stiffness (17, 28) . Long-term MV of mice is technically challenging, and the availability of this mutant rat model provided us with the unique opportunity to overcome this limitation. The rat model carries a homozygous mutation in the titin splice factor Rbm20, leading to the expression of a diaphragm titin isoform that is z110 kD larger than in wt rats, with a concomitant reduction in titin-based passive stiffness of diaphragm fibers ( Figure 6C : at endexpiratory sarcomere length [z2.85 mm, Figure 1E ] passive tension is z30% lower in Rbm20-deficent rats). The data support our hypothesis: after 18 hours of MV with PEEP, the development of diaphragm weakness is attenuated in the Rbm20-deficient rats ( Figure 6D ) and, importantly, the optimal length for force generation and the number of sarcomeres in series in diaphragm fibers of ventilated Rbm20-deficient The strips were isolated from the midcostal region, similar to location X in Figure 1C . ML opt is the strip length at which maximal force is generated. (B) The maximal tension (force normalized to the crosssectional area of the strip) was significantly lower in rats that were MV for 18 hours. (C) ML opt was significantly shorter in the rats that were MV for 18 hours. Note that each data point represents one rat. Data presented are mean 6 SEM. *P < 0.05.
rats are not significantly different from nonventilated Rbm20-deficient rats ( Figures 6E and 6F ). These findings support the concept in which titinbased mechanosensing modulates the length adaptation of diaphragm fibers during MV with PEEP. Future studies should unravel the titin-based signaling pathways that underlie this effect.
Study Limitations
First, for the measurement of diaphragm displacement during PEEP variation, ultrasound was used. In each patient and rat, the ultrasound probe was placed at the same Thin filament length (m) Figure 5 . (A) Top: Force-sarcomere length relation of diaphragm fibers of 18-hour mechanically ventilated (MV) rats and control rats; note that both relations overlap. Force is presented as percentage of maximal force; each data point is the average of five rats. Bottom: SL opt is comparable between MV and control rats. Note that z90% of fibers were fast-twitch, and therefore both fiber types were pooled. In line with previous work (32, 50) , the maximal force-generating capacity was lower in fibers of MV rats (data not shown). (B) Deconvolved stimulated emission depletion (STED) superresolution microscopy images of sarcomeres in a diaphragm fiber of a control and an 18-hour MV rat, labeled with AlexaFluor-conjugated phalloidin to visualize the thin filaments. Intensity measurements were used to determine thin filament length, which was comparable between 18-hour MV and control rats. Each data point represents one rat. (C) Deconvolved STED superresolution microscopy images of sarcomeres in a diaphragm fiber of a control and an 18-hour MV rat, labeled with MHC (myosin heavy chain) antibodies to visualize the thick filaments. Intensity measurements were used to determine thick filament length, which was comparable between 18-hour MV and control rats. Each data point represents one rat. (D) Typical a-actinin staining in a rat diaphragm fiber to visualize the Z-discs to determine sarcomere length. (E) The number of sarcomeres in series is significantly lower in 18-hour MV rats than in control rats. Each data point represents the average of one rat; 2,000 to 3,000 sarcomeres were measured per rat. Data presented are mean 6 SEM. *P < 0.05. AU = arbitrary units; Con = control; SL = sarcomere length; SL opt = sarcomere length at which maximal force is generated. The strip length at which maximal force is generated (ML opt ) is reduced in 18-hour mechanically ventilated control rats, but this reduction is absent in Rbm20-deficient rats. (F) The number of sarcomeres in series is not significantly reduced in 18-hour mechanically ventilated Rbm20-deficient rats compared with nonventilated Rbm20-deficient rats. Each data point represents one rat; 2,000 to 3,000 sarcomeres were measured per rat. Data presented are mean 6 SEM. con = control; KO = knockout; MHC = myosin heavy chain; MV = mechanical ventilation; NS = not significant; Rbm20-def = RNA binding motif 20-deficient; wt = wild type.
position and approximately the same region of the diaphragm was imaged. However, because two-dimensional images were obtained, we cannot rule out that the magnitude of displacement was different in other regions of the diaphragm. Second, we did not include a group of rats that were ventilated with zero PEEP, and therefore we cannot rule out that the observed longitudinal atrophy of diaphragm fibers is the result of MV per se, whether or not PEEP is applied. However, ventilation with zero PEEP might cause atelectasis and an (systemic) inflammatory response (41, 42) , which in turn might impair diaphragm fiber structure and function, thereby confounding the results. Furthermore, it is highly unlikely that ventilation with zero PEEP induces longitudinal atrophy: this type of atrophy (i.e., sarcomere in series absorption), only occurs when muscles are put at shorter (sarcomere) length (43) . Our ultrasound data show a strong correlation between PEEP and caudal diaphragm movement ( Figure 1B) , a movement that was associated with sarcomere shortening ( Figure 1E ). The rats in the present study were on controlled mechanical ventilation, and it is unknown whether complete inactivity of the diaphragm affects fiber length or aggravates the effects of PEEP. However, in rats with joint immobilization, so that muscle length was fixed at normal operational length, denervation (i.e., lack of muscle activity) does not induce sarcomere absorption, whereas denervation of the same muscle but fixed at a shorter length does promote longitudinal fiber atrophy (44) . Taken together, this supports a concept in which PEEP-induced diaphragm shortening is the main factor contributing to longitudinal atrophy of diaphragm fibers during MV.
Third, we postulate that the force-length relation of the diaphragm is affected by sarcomere absorption, but this postulation assumes that the mechanical characteristics of the central tendon and of the tissues that connect the diaphragm muscle to the costae are unaffected. In theory, lengthening of the central tendon would allow the shorter fibers to operate at the plateau region of the force-length relation, thereby mitigating the effects of longitudinal fiber atrophy. However, longterm shortening of lower limb muscle is associated with a decrease in tendon length, an adaptation that would aggravate (not mitigate) the effects of longitudinal fiber atrophy (for review see Reference 45) .
Clinical Implications
The findings of the current study point toward a novel mechanism for failing a spontaneous breathing trial in patients weaning from MV. The acute reduction or withdrawal of PEEP decreases endexpiratory lung volume and thereby stretches the adapted, short diaphragm fibers to long sarcomere lengths. This will force the muscle fibers to operate on the disadvantageous descending limb of the force-length relation, where overlap of the thick and thin filaments is suboptimal, and thus contribute to diaphragm weakness (for schematic, see Figure 7 ). This longitudinal atrophy of fibers adds to the contractile weakness caused by ultrastructural damage and cross-sectional fiber atrophy (34, 46) . The magnitude of this contribution depends on the level of applied PEEP: assuming that in rats before the application of MV with PEEP the sarcomere length in the diaphragm is z2.85 mm at end-expiration ( Figure 1E ) and that 12% of sarcomeres are absorbed during 18-hour MV with 2.5 cm H 2 O PEEP ( Figure 5E ), after removal of MV with PEEP at similar diaphragm fiber length the sarcomere length would be z3.24 mm (2.85/0.88) at end-expiration, thus already at the descending limb of the force-length relation ( Figure 5A ). Considering that 2.5 cm H 2 O PEEP in rats is estimated to correspond to 5 to 6 cm H 2 O PEEP in humans (estimation based on respiratory system compliance of 64 ml/cm H 2 O and TLC of 5,167 ml for humans [47] versus 0.51 ml/cm H 2 O and TLC of 16.7 ml for rats [48, 49] ), the nearly twofold higher average PEEP in our cohort of patients (Table 4) may have significant detrimental effect on the operating sarcomere length in the diaphragm (note that PEEP levels in patients varied, but that the average lowest PEEP level [i.e., PEEP min in Table 4 ], was 6.0 6 0.7 cm H 2 O, a level comparable to that in the ventilated rats). We postulate that this longitudinal diaphragm atrophy contributes to difficulties with weaning patients from MV, especially in patients who have respiratory disease or preexisting diaphragm weakness. Our findings suggest that slow reduction in PEEP is advisable, to allow for the reversal of longitudinal atrophy. Clearly, this reasoning should be tested in future studies. n During weaning and normalization of end-expiratory pressure, the diaphragm fibers are stretched to lengths beyond optimal sarcomere length. The schematic shows a length at which thick-thin filament overlap is absent and no force can be generated by the muscle fiber.
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